Tree-ring analysis has been used to reconstruct 22 years of rockfall behavior on an active rockfall slope near Saas Balen (Swiss Alps). We analyzed 32 severely injured trees (L. decidua, P. abies and P. cembra) and investigated cross-sections of 154 wounds.
Introduction
Rockfall is the free fall, bouncing or rolling of individual or a few rocks and boulders with volumes involved generally limited to a few cubic meters (Berger et al., 2002) . Due to its hazard potential (Butler, 1983; Evans and Hungr, 1993) , rockfall has become one of the most intensely studied geomorphic processes of the cliff zone in mountain areas. As a result, there exist a large number of studies analyzing rockfall mechanics, such as the movement (Ritchie, 1963; Erismann, 1986; Azzoni et al., 1995) , the behavior during ground contact (Bozzolo and Pamini, 1986; Hungr and Evans, 1988) or Correspondence to: D. Schneuwly (dominique.schneuwly@unifr.ch) runout distances (Kirkby and Statham, 1975; Statham and Francis, 1986; Okura et al., 2000) . Furthermore, there are a large number of studies on rockfall modeling (Guzzetti et al., 2002; Dorren et al., 2006; Stoffel et al., 2006b) or on long-term accretion rates of rockfall (Luckman and Fiske, 1995; McCarroll et al., 1998) . In addition, research has focused on possible triggers of rockfall such as tectonic folding (Coe and Harp, 2007) , freeze-thaw cycles (Gardner, 1983; Matsuoka and Sakai, 1999; Matsuoka, 2006) , changes in the rock-moisture level (Sass, 2005) , the thawing of permafrost (Gruber et al., 2004) , the rising of mean annual temperatures (Davies et al., 2001) or the occurrence of earthquakes (Harp and Wilson, 1995; Marzorati et al., 2002) .
In contrast, only a few studies have analyzed the evolution of rockfall activity with time or determined its seasonal behavior: In the 1970s, a number of observation-based studies was realized in North America (Luckman, 1976; Douglas, 1980; Gardner, 1980) . Gardner's (1980) observations on rockfall and rockslides in Alberta (Canada) were, for instance, kept on a weekly basis over a period of two years. He observed a continuous, yet small background activity throughout the year with two peaks in rockfall activity in February-March and November-December. More recently, Sass (2005) installed more than 60 rockfall barriers in the Bavarian Alps so as to quantify rockfall activity over a period of four years. He concludes that the distribution of rockfall is highly variable in time and that rocks and boulders are triggered by a combination of a multitude of parameters.
While these studies yielded very precise datasets on daily variations of rockfall, they do neither represent complete time series within the year nor did they cover continuous period over several years. As a consequence, they have to be considered too short to assess rockfall activity with its seasonal variations over time.
In contrast to other mass-movement processes (e.g., Shroder, 1980; Braam et al., 1987; Wiles et al., 1996; Solomina, 2002) , tree-ring analyses have only occasionally been 204 D. M. Schneuwly and M. Stoffel: Tree-ring based reconstruction of rockfall in the Swiss Alps used to study past rockfall activity, mainly to determine sedimentation rates on scree slopes (Lafortune et al., 1997) or to reconstruct rates or the spatial occurrence of rockfall (Stoffel et al., 2005a; Perret et al., 2006) .
In a similar way, dendrogeomorphology has rarely been applied to assess the seasonality of past mass-movement processes so far. Through the analysis of injuries and the adjacent callus tissue, Stoffel et al. (2005b) determined the seasonal timing of rockfall on a slope in the Valais Alps. Their results clearly indicate a peak in rockfall activity between October and May. More recently, the intra-annual position of tangential rows of traumatic resin ducts was used to separate previous snow avalanche from debris-flow events on a cone affected by both processes (Stoffel et al., 2006a) or to date past debris-flow activity with monthly precision .
It is therefore the aim of this study to close the gap between long-term but low seasonal and short-term but high seasonal resolution rockfall research by accomplishing a long-term study with a high seasonal resolution. Through the analysis of trees injured by rocks and boulders, we (i) reconstruct rockfall activity and possible event years; (ii) analyze the seasonal behavior of rockfall during the last 22 years so as to detect possible seasonal shifts of activity and (iii) compare the angles of the rockfall injuries as observed on the stem surface with the effective source area of falling rocks. Results were obtained from 123 cross-sections of 23 European larch (Larix decidua Mill.), eight Norway spruce (Picea abies (L.) Karst.) and one Swiss stone pine (Pinus cembraL.) trees growing in the transition zone of a rockfall slope in the Swiss Alps. 
Study area
The study was conducted in a forest near Saas Balen (46 • 09 06 N, 7 • 55 27 E) in the Valais Alps (Switzerland; Fig. 1A ). The investigated forest stand is called "Schilt" and is located between 1470 and 1610 m a.s.l. on the eastnortheast facing slope descending from the Lammenhorn (3189 m a.s.l.). Rockfall frequently occurs on the slope, originating from disintegrated and glacially oversteepened cliffs at 1600-1900 m a.s.l (Figs. 1B and 2). In the departure zone, bedrock consists of micaceous schists belonging to Penninic crystalline layers, dipping SSE with an angle of 20 • (Bearth, 1973 (Bearth, , 1980 . The transition and deposition zones are covered with Quaternary talus and morainic deposits. Archival data and local toponomy indicate the presence of rockfall in the region since at least the early 18th century, when rockfalls descended from the neighboring "Steinschlagwald" (= rockfall forest), destroying the old communal church (Ruppen et al., 1979) . In contrast, other mass-movement processes such as debris flows or snow avalanches have neither ever been witnessed on the slope, nor is there geomorphic evidence for such processes.
On the study site, the volume of rocks resting on the talus slope does not normally exceed 1 m 3 , but there are a few blocks deposited on the valley bottom with volumes up to 50 m 3 , witnessing of major events in the past. The mean slope angle of the transition zone is 36 • (Fig. 2C ) with only little variation between the top and the bottom. The forested study site covers about 8000 m 2 and past rockfall deposits are covered with a centimetric soil layer. The zones outside the forest remain mostly free of vegetation and are covered with bare rocks and boulders. The stand at Schilt consists predominantly of L. decidua trees, accompanied by approximately 10% of P. abies and single P. cembra trees. There is no anthropogenic influence visible in the forest stand.
Materials and methods

Sampling strategy
Virtually all trees at the forest stand show clearly visible and severe growth disturbances (GD) caused by past rockfall events. On the study site, scars were the most prominent sign of previous rockfall activity. As the forest at Schilt has a protective function for the village of Saas Balen, only trees with a basal diameter <15 cm were felled. We investigated the entire upper forest stand and headed for an even distribution of trees throughout the study site. However, there is some concentration of sampled trees at the upper and lateral limits of the study area, as small trees predominantly grow in these sectors.
The positioning of the selected trees on the geomorphic map was based on aerial photographs and realized with a measuring tape, as the use of GPS devices was not possible in the dense forest stand within the deep valley.
Data recorded for each tree included micro-topography or accumulation of rockfall deposits in the immediate vicinity of the tree. In addition, we noted tree-specific data including species, height, diameter at breast height, visible defects in its morphology such as e.g., scars (direction, surface and height of centre above ground level), broken crowns or branches, tilted stems or candelabra growth. We furthermore commented on neighboring trees if relevant.
Thereafter, photographs were taken of the entire tree and specific pictures for each wound so as to facilitate assigning GD to their triggering injury in the laboratory. Exclusively well-defined and clearly visible injuries were sampled at their maximum extension. In order to obtain a maximum of information, the sampling was realized using a handsaw, so as to obtain complete cross-sections from each injury.
Tree-ring analysis and intra-annual dating of events
The cross-sections were analyzed using standard dendrochronological methods (Stokes and Smiley, 1968; Bräker, 2002) . Samples were first polished and tree rings counted, before tree-ring series were analyzed visually to identify GD caused by past rockfall.
The dating of past rockfall activity was based on the position of callus tissue and tangential rows of traumatic resin ducts (TRD) in L. decidua and P. abies, as both features are usually formed after cambium damage (Schweingruber, 1996 (Schweingruber, , 2001 . While callus tissue only occurs in the wood segment bordering the injury (Stoffel et al., 2005a, b; Perret et al., 2006) , TRD can be even observed at some distance from the wound as well (Bollschweiler et al., 2007a; . Bollschweiler et al. (2008) indicate a mean lateral TRD extension of 19% of the stem's circumference. TRD were taken into account if they were present (i) in an extremely compact arrangement and (ii) forming continuous rows (Stoffel et al., 2005a) . In this study, we did not focus on the appearance of compression wood, as it appears delayed and therefore is not suitable to date events with intra-annual precision (Timell, 1986) . Additionally, in case of several wounds within a single year, it would have been impossible to assign the reaction wood to specific injuries.
Following Stoffel et al. (2005b) , the intra-annual position of injuries and the adjacent callus tissue and TRD was determined as illustrated in Fig. 3 and impacts dated to the dormant season (D), early earlywood (EE), middle earlywood (ME), late earlywood (LE), early latewood (EL) and late latewood (LL). Based on data from neighboring sites (Müller, 1980; Stoffel et al., 2005b) , we know that the vegetation period of L. decidua, P. abies and P. cembra locally starts at the end of May with the formation of thin-walled earlywood tracheids. The transition from LE to EL occurs in mid July and the formation of thick-walled latewood tracheids ends in early October. The period between October and May is called the "dormant season" (D) and there is no cytogenesis during this time of the year.
While trees will react almost immediately to injuring events during the vegetation period , reactions to a rockfall impact caused during the dormant season will only be apparent at the very beginning of the "new" tree-ring.
Orientation of rockfall impacts
The position of the scar was assessed in the field with respect to the downslope direction. The idea behind this assessment was to approximate the source of rockfall material. Measurements were realized at the centre of each injury and the position of injuries noted in degrees ( • ). A frontal hit was attributed an impact angle of 0 • , whereas 90 • and 270 • represent impacts located perpendicular to the general slope. Impact angles >90 • and <270 • stand for damage identified on the downslope part of the tree and would result from bouncing rocks and boulders leaving their marks over large parts of the tree's circumference. Results were grouped in classes of 30 • .
Results
General aspects
Within this study, 32 trees were felled (23 L. decidua, 8 P. abies, 1 P. cembra) on the study site and 123 cross-sections prepared (Table 1) , yielding a total of 154 injuries. Most frequently, one injury was identified per cross-sections, but multiple injuries were observed as well (26 cross-sections had 2 injuries, four cross-sections 3 injuries and one crosssection 4 injuries).
As can be seen from Table 2 , age of the selected trees averaged 25.8 yrs (STDEV: 8.0 yrs), with the oldest one having 44 and the youngest 12 annual rings. Seven of the selected trees were present prior to 1975 whereas the other 25 individuals germinated between 1975 and 1995. The average diameter of all sampled trees is 9.1 cm (STDEV: 2.4 cm), representing a mean yearly diameter increase of 3.9 mm.
The nature of growth disturbances (GD) observed on the cross-sections following rockfall impacts is illustrated in Table 3. In total, 207 GD were identified on the cross-sections as a reaction to the 154 injuring impacts. TRD represented the most common reaction to impacts and were observed in 147 cases (95.5%). Interestingly, callus tissue was less frequently identified in the tree segments neighboring the injury and was only present on 60 cross-sections (39%).
Rockfall activity
A total number of 154 injuries were dated for the period 1975-2006, resulting in an overall mean activity of 4.8 hits yr −1 . Despite their predominantly young age and their rather small diameter, each tree shows a total number of 4.8 injuries in average.
The annual number of injuries as well as the sample depth (i.e. the number of trees present in a given year) is indicated in Fig. 4 . It appears from the illustration that only five injuries occurred prior to 1985, when fewer than 75% of the sampled trees were present. This is why the seasonal timing or changes in rockfall activity will only be further analyzed for the period 1985-2006, when the number of trees is sufficient to obtain a record enough complete (≥25 trees). As a result, the mean rockfall activity augments to 6.8 hits yr −1 . Figure 4 also indicates that there is a strong variation of rockfall activity between single years. Based on our data, rockfall activity was by far most important in 1995, when a total number of 66 wounds (43%) were recorded on the cross-sections, meaning that three out of four trees would have been injured. The second largest event was reconstructed for 2004, when a total of 23 injuries was observed on the cross-sections. In contrast, we also observe years with no injuries at all (1985, 1987 and 1989) and years with only one injury (1993 and 2000) .
Seasonal timing of rockfall
The analysis of the intra-seasonal position of the 154 wounds and their neighboring callus tissue and TRD was used to determine the seasonal timing of rockfall activity at Schilt. Figure 5 clearly shows a concentration of injuries that would have occurred during the dormant season of trees (76%) which locally lasts from early October to the end of May. Among the wounds located within the tree rings, it appears that rockfall is much more frequent during the period of earlywood formation (21.4%), i.e. from end of May to mid July -than during the period of latewood formation (only 2.6 %) i.e. between mid July and early October. Examples of injuries attributed to the dormant season as well as the periods of early-and latewood formation are provided in Fig. 6 .
When going into further intra-seasonal detail for the earlywood events, it can be seen that the most significant activity (13%) occurred in EE, followed by 6.5% of the events dated to ME and only 1.9% to LE. The numbers further decrease when analyzing the latewood events, where both EL and LL register only 1.3% of all rockfall events.
In a subsequent step, the intra-annual behavior of rockfall was assessed for all years with ≥5 injuries. Table 4 provides an overview on the years that have been kept for further anal- ysis. When analyzing the seasonal behavior of rockfall in 1995, it appears that activity was not only exceptionally high, but also different with respect to the seasonal timing of injuring events. As can be seen from Table 4 , a comparably high number of impacts apparently occurred outside the dormant there is almost four times more activity observed in EE (23 vs. 6.2%) and two times more activity in ME (9.1 vs. 4.6%).
Although rockfall was also important in 2004, the seasonal distribution of activity appears to be rather normal with just a slight concentration of events during D (87%) and only three events within the vegetation period (13%).
Orientation of rockfall impacts
The positioning of rockfall impacts with respect to the fall line (exact downslope direction) was noted in degrees ( • ) and results summarized in classes of 30 • each. As can be seen from Fig. 7A , the average position of injuries with respect to the fall line was 13.3 • and most wounds were attributed to the classes 16-45 • (24%), 46-75 • (14.9%) and 345-15 • (8.2%). As expected, only eight injuries (5%) were observed on the downslope part of the stem (90-270 • ), probably resulting from deviated rocks and boulders. As it can be seen in illustration 7B, directional results are consistent with the geomorphic situation in the field, where the rockfall generating cliffs are located in the direction the average position of the injuries is pointing at.
Discussion
In the study we report here, 123 cross-sections from 32 trees (Larix decidua Mill., Picea abies (L.) Karst., Pinus cembra L.) were used to reconstruct yearly rockfall activity, the seasonal behavior of rockfall as well as to determine the main direction and the source areas of rockfall for the last 32 years. In total, 154 injuries were identified that have induced a total of 207 growth disturbances. Within this study, we exclusively worked with crosssections from trees with a DBH <15 cm. In contrast to the analysis of increment cores where TRD can occur in later segments of the tree ring with increasing axial or tangential distance from the injury (see Bollschweiler et al., 2008) , the analysis of rockfall scars on cross-sections and the identification of reactions in the tissues bordering the wound allowed an intra-annual dating with very high accuracy. The felling of comparably small trees resulted in a rather young age of samples (25.8 yrs).
Our results suggest that the formation of TRD is the most common and widespread reaction of L. decidua and P. abies to rockfall and was present on 95.5% of the samples. TRD can therefore be used as an excellent marker of past rockfall events, even more as no trees were showing TRD without the presence of a nearby injury. Callus tissue could, in contrast, only be assessed on 39% of the samples and was generally much less widespread within the tree ring than TRD. As our data are exclusively based on young trees and on a comparably small number of cross-sections, further research is needed to study the formation of these features following rockfall impacts.
As for the rockfall activity in individual years, the reconstruction revealed strong inter-annual differences, with major activity observed in 1995 and 2004 and other years with no events at all observed in the tree-ring records. These results correlate with findings of Stoffel et al. (2005b) or Perret et al. (2006) , who both describe distinct inter-annual fluctuations of rockfall activity as well on their sites located in the Valais Alps and Bernese Oberland, respectively.
The clustering of missing injuries for several years in the early 1980s can be explained by the small number of sampled trees alive for that time, the smaller diameter and the younger age of the individuals (more flexible and therefore probably less vulnerable). It is therefore worthwhile to note that the reconstructed number of events does not represent a complete frequency reconstruction, as relevant factors (e.g. regular arrangement of sampled trees or varying tree diameters) have not been taken into consideration. The probability of an impact is therefore not evenly distributed, neither in space, nor in time. In a similar way, no clear trend can be deduced from the rockfall series we have obtained. Fig. 7. (A) . Radial distribution of rockfall impacts as observed on the selected trees. (B) . The average rockfall direction (red) diverges from the fall line and points toward the main source area.
The intra-annual dating of injuries indicates that rockfall at Schilt predominantly occurred during the dormant season which locally lasts from early October to the end of May (76%). Our results are in very close agreement with the findings of Perret et al. (2006) in the Diemtigtal (Swiss Prealps), reporting 74% of rockfall activity during the dormant season. In contrast, Stoffel at al. (2005b) dated a higher percentage of injuries to the dormant season (88%) in the Matter Valley (Swiss Alps). It is most probable that the difference in the intra-annual activity of rockfall is due to the fact that there is contemporary permafrost present in the departure zone at the site studied by Stoffel et al. (2005b) , but not in the cliffs of our site or in that investigated by Perret et al. (2006) . Despite the concentration of rockfall activity to the dormant season, the comparably low values identified for the period of earlywood formation should not be underestimated, as more than 20% of the annual rockfall activity apparently takes places in less than two months (i.e. between the end of May and mid July). It is feasible that this concentration of rockfall activity would be the result of the annual thaw of winter ice and the circulation of melt water in preexisting fissures (Matsuoka, 2006; Hall, 2007) .
Another similarity between the reconstructed data from our study site and those presented by Stoffel et al. (2005b) on rockfall activity on a slope in the neighboring Matter Valley (see Fig. 1A ) is that rockfall activity was exceptionally high at both sites in 1995.
The massive concentration of rockfall activity in 1995 allows a more detailed seasonal analysis of rockfall activity within the year, indicating that there was three times more activity occurring during EE and ME as compared to the mean distribution. Apart from occasional freeze-thaw cycles or the melting of ice, it is possible that heavy precipitation events could have led to this concentrated and massive re- Fig. 8 . Meteorological data from the SMI station Zermatt confirm exceptionally high daily precipitation (in blue) recorded on 5th November 1994 with 94.4 mm/24 h. This represents the most intense rainfall for at least 25 years. The hourly maximum attained during this event was 11.3 mm (in red), indicating a persistent intense rainfall rather than an extreme and short thunderstorm. lease of rocks and boulders. Meteorological data from a station in Zermatt (located 20 km to the south-west of the study site; SMI 2007) indicate indeed exceptionally heavy precipitation events for the dormant season of 1994-1995, with the heaviest daily precipitation sum for at least the last 25 years recorded on 5 November 1994 (Fig. 8) . As the local meteorological station of Saas Balen is only operational since December 1994, we do not have any indications on the intensity of this precipitation event at the study site. Similarly and based on the air temperatures measured at Zermatt, it is not quite clear whether the precipitation at our study site was in the form of rain or snow. In contrast, the local meteorological station recorded the second most important precipitation event between 1994 and today on 21 April 1995. As the two rockfall sites in the two neighboring valleys (Stoffel et al., 2005b , our study site) presumably reacted to the same triggering events, we suppose that the concentration of several precipitation events affecting large parts of the Valais Alps would be at the origin of the much higher frequency of rockfall in the first half of 1995.
We also have to admit that the response of the cliffs in generating rockfall following the precipitation may appear to be delayed. There are two possible explanations for this delay: Air temperatures may have dropped suddenly after the heavy rainfalls in November 1994 and/or April 1995, leading to abnormally large quantities of water frozen in the cracks. On the other hand, it is feasible that snowfall occurred during both events, leading to large quantities of water flowing through the cracks during snow melt.
Data obtained on the position of scars on the stem surface and the resulting back tracing of "rockfall trajectories" are in very good agreement with the geomorphic situation in the field, as the main direction of rockfall pointed towards the main rockfall source area. We are well aware that falling rocks and boulders may be deviated during ground contact and by impacting other trees further up on the slope, nevertheless results indicate that some directional information was preserved.
Conclusions
Tree-ring analysis allowed inter-annual dating of 154 past rockfall injuries between 1975 and 2006 as well as the assessment of intra-seasonal behavior of rockfall at the study site. We conclude that the tree-ring analysis delivers exceptionally good data on the inter-as well as intra-annual behavior of rockfall and that it furnishes valuable information on the activity of rockfall source areas. At the same time and as rockfall activity peaks during the dormant season of trees, it is not possible to date these events with higher temporal resolution.
